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The heterogeneous nuclear ribonucleoprotein (hnRNP)
K is implicated in multiple functions in the regulation
of gene expression and acts as a hub at the intersec-
tion of signaling pathways and processes involving
nucleic acids. Central to its function is its ability to
bind both ssDNA and ssRNA via its KH (hnRNP K ho-
mology) domains. We determined crystal structures
of hnRNP K KH3 domain complexed with 15-mer and
6-mer (CTC4) ssDNAs at 2.4 and 1.8 Å resolution, re-
spectively, and show that the KH3 domain binds spe-
cifically to both TCCC and CCCC sequences. In paral-
lel, we used NMR to compare the binding affinity and
mode of interaction of the KH3 domain with several
ssRNA ligands and CTC4 ssDNA. Based on a struc-
ture alignment of the KH3-CTC4 complex with known
structures of other KH domains in complex with
ssRNA, we discuss recognition of tetranucleotide se-
quences by KH domains.
Introduction
Heterogeneous nuclear ribonucleoprotein (hnRNP) K
was first identified as one of at least 20 major proteins
that are part of hnRNP particles (Matunis et al., 1992).
Like many other hnRNP proteins, hnRNP K is an RNA
binding protein and gives its name to the so-called KH
(K homology) domain, one of the most commonly oc-
curring RNA binding modules, of which it has three
(Siomi et al., 1993). The KH domain comprises about 70
residues with a compact βααββα topology (reviewed in
Adinolfi et al., 1999; Messias and Sattler, 2004). Two of
the KH domains of hnRNP K are located in the N-ter-
minal half of the protein; the third (denoted KH3) is at
the C-terminal end. There are several alternatively
spliced and phosphorylated isoforms of hnRNP K with
deduced molecular weights in the range of 50–51 kDa
(458–464 residues) (Dejgaard et al., 1994).*Correspondence: cusack@embl-grenoble.frHnRNP K has diverse roles in the regulation of gene
expression at a variety of levels, from transcription to
translation, and it appears to act as a hub at the inter-
section of signaling pathways and processes involving
nucleic acids (Bomsztyk et al., 2004; Ostareck-Lederer
et al., 1998). Its principal biochemical activity is as a
single-stranded nucleic acid binding protein of the
poly(C) binding protein family (Makeyev and Liebhaber,
2002), and this activity is mediated in an incompletely
understood way by the three KH domains (Dejgaard
and Leffers, 1996; Leffers et al., 1995; Ostrowski et al.,
2002; Thisted et al., 2001). It is unusual in that it is able
to bind to both CU-rich single-stranded RNA (ssRNA)
and CT-rich ssDNA. For instance, hnRNP K binds speci-
fically to a CT-rich element in the c-myc promoter in
vitro (Takimoto et al., 1993), and it acts in the nucleus
to activate transcription of the human c-myc gene (To-
monaga and Levens, 1995) in synergy with TATA bind-
ing protein (Michelotti et al., 1996). As an example of
a specific RNA binding function, hnRNP K acts in the
cytoplasm prior to maturation of red blood cells to si-
lence the translation of erythroid 15-lipoxygenase (LOX)
by binding to repetitive CU-rich sequences on the 3#
UTR (untranslated region) of LOX mRNA (Ostareck et
al., 1997). HnRNP K thus has both nuclear and cyto-
plasmic functions, and it is indeed a nucleocytoplasmic
shuttling protein by virtue of an N-terminal bipartite
nuclear localization signal and the hnRNP K nuclear
shuttling domain (Michael et al., 1997) located immedi-
ately before the C-terminal KH3. The highly modular
structure of hnRNP K enables it to interact with a wide
variety of partners, with new ones being identified con-
stantly (Bomsztyk et al., 2004). Between the second
and third KH domains also lies a cluster of three pro-
line-rich SH3 binding domain motifs. Different studies
(Bomsztyk et al., 1997, 2004) show that hnRNP K in-
teracts via these motifs with a variety of SH3 domain-
containing proteins, including the Src class of tyrosine
kinases as well as the protooncoprotein Vav. Multiple
tyrosine phosphorylation of hnRNP K, notably by c-Src,
has been shown to decrease nucleic acid binding abil-
ity in vitro (Ostrowski et al., 2000) and to relieve transla-
tional silencing of LOX mRNA in vivo (Ostareck-Lederer
et al., 2002). In contrast, serine phosphorylation by ERK
has been shown to result in cytoplasmic accumulation
of hnRNP K and stimulation of its role in translational
repression (Habelhah et al., 2001). Adjacent to the pro-
line-rich motifs of hnRNP K is a region that can bind
several transcriptional repressors, such as the zinc fin-
ger protein Zik1 (Denisenko et al., 1996), as well as the
interleukin-1-responsive kinase that phosphorylates
hnRNP K in a nucleic acid-dependent fashion (Van Seu-
ningen et al., 1995).
With the goal of clarifying the structural basis for
ssDNA and ssRNA recognition by hnRNP K, we have
focused initially on its third KH domain (KH3). This
domain has been shown to bind nucleic acid as an iso-
lated domain, albeit with lower affinity than the full-
length protein (Baber et al., 2000; Dejgaard and Leffers,
Structure
10561996). Elsewhere, we have described the crystallization G
gand structure solution at 2.4 Å resolution of a complex
of three KH3 domains with a 15-mer ssDNA (5#-TTC
dCCCTCCCCATTT-3# [CT15]) (Backe et al., 2004). Here,
we report, firstly, the ultra-high-resolution (0.95 Å) X-ray T
2structure of the hnRNP K KH3 domain and, secondly,
crystallization and structure determination at 1.8 Å res- p
(olution of a second complex of the KH3 domain with a
6-mer ssDNA (5#-CTCCCC-3# [CTC4]). The two com- o
Kplex structures give examples of specific recognition of
the KH3 domain of both TCCC and CCCC tetranucleo- a
Rtide sequences. Based on the KH3-ssDNA crystal
structures and complementary solution NMR studies
on complexes with a selection of single-stranded nu- O
cleic acid ligands, we discuss the interaction of the C
KH3 domain with ssRNA, and we analyze the nucleic F
acid binding specificity. t
Several structures of KH domains in complex with c
ssDNA or ssRNA have been solved by NMR or X-ray A
crystallography. These include the crystal structure of 4
the Nova-2 protein KH3 domain recognizing ssRNA d
(Lewis et al., 2000), the solution NMR structure of the s
STAR member KH domain of splicing factor 1 (SF1) in m
complex with RNA (Liu et al., 2001), a solution structure (
of a complex between the KH3 and KH4 domains of the o
FUSE binding protein (FBP) and a 29 base pair ssDNA a
from FUSE (Braddock et al., 2002b), and, finally, a solu- N
tion NMR structure of a complex between hnRNP K 1
KH3 and ssDNA (Braddock et al., 2002a). By comparing m
our results with these complexes, we identify the ele- C
ments within KH domains responsible for specific re- e






tThe hnRNP K KH3 domain has the characteristic mixed
5αβ fold of other KH domains. It contains a three-stranded
aantiparallel β sheet (residues 387–395, 419–424, and
T432–439) packed against three α helices (residues 396–
v402, 407–415, and 440–454) arranged in β1-α1-α2-β2-
cβ3-α3 topology. The invariable Gly-X-X-Gly motif (resi-
mdues 404–407) is located in a short loop connecting α
ehelix 1 and α helix 2, whereas the variable loop (resi-
sdues 425–431) is found between β strands 2 and 3 (Fig-
cure 1A). In the ultra-high-resolution crystal structure,
cpart of the variable loop (residues 418–420) has rela-
rtively poorly defined electron density, and 21 residues,
gmainly on the surface, are observed in two major con-
uformations. Compared to the NMR structure (which
mcontains a mutation, Gly400Arg, that abolishes single-
rstranded DNA binding, [Baber et al., 1999]), the overall
tCα root mean square (rms) deviation is 2.6 Å for resi-
dues 385–463 but reduces to 0.9 Å for the 57 residues
upon excluding the invariant Gly-X-X-Gly loop, the vari- O
Cable loop, and the N- and C-terminal extremities. These
regions have high flexibility in solution and crystal, as F
tshown by the good correlation between the Cα rms de-
viation between NMR and the crystal structure and the p
ocrystallographic temperature factors (data not shown).
Deviations at the C terminus are partly due to the stabi- a
ilization in the crystal structure of this region of the KH3
domain by two hydrogen bonds from the side chain ofln452 to the main chain amide and terminal carboxlic
roup of Phe463.
Crystallization and structure determination of the KH3
omain with a 15-mer ssDNA (5#-TTCCCCTCCCCA
TT-3# [CT15]) is described elsewhere (Backe et al.,
004). This structure, which contains three KH domains
er DNA molecule, has been refined to an R factor
Rfree) of 21.9 (29.1) at 2.4 Å resolution (Table 1). Details
f the crystallization and structure determination of the
H3 domain with 6-mer ssDNA (5#-CTCCCC-3# [CTC4])
re given below. This structure has been refined to an
factor (Rfree) of 19.1 (24.4) at 1.8 Å resolution (Table 1).
verview of the hnRNP K KH3 Domain
omplexed with CTC4
igure 1A shows an overview of the crystal structure of
he hnRNP K KH3-CTC4 ssDNA complex. There are two
omplexes in the asymmetric unit: complex 1 (protein:
382–463; DNA: C1–6) and complex 2 (protein: B385–
63; DNA: D2–6). The two KH3 domains form a pseudo-
imer (rotation angle of 177°) by interaction of their re-
pective β sheet edges, via four hydrogen bonds, to
ake an extended six-stranded antiparallel β sheet
Figure 1A). The identical contact is observed in all of
ur different crystal structures of the KH3 domain (free
nd two complexes with ssDNA) as well as in the
ova-1 and Nova-2 KH domain structures (Lewis et al.,
999). The two independent complexes in the asym-
etric unit are extremely similar (rmsd of 0.45 Å for the
α of residues 385–459, excluding the variable loop),
xcept for the terminal bases of the two DNA mole-
ules. In DNA molecule C, there is clear electron den-
ity for nucleotide Cyt1. On one side, it is partially
tacked on Cyt3, and, on the other side, it is stacked
n the equivalent base from a 2-fold symmetry-related
olecule (denoted *), such that Cyt3, Cyt1, Cyt1*, and
yt3* form a continuous stack (Figure 1B). Interestingly,
his configuration is dependent on the absence of the
# phosphate on Cyt1, allowing the terminal O5# to form
strong hydrogen bond with the phosphate of Cyt3.
he particular position of Cyt1 shifts the position of the
ariable loop in protein molecule A compared to mole-
ule B. In contrast, the electron density for Cyt6 of DNA
olecule C is poor, due to the lack of crystal contact,
ven though it clearly stacks on Cyt5 (which in turn
tacks on Cyt4). The situation is reversed in DNA mole-
ule D, in which there is no density for Cyt1 (and no
rystal contact) but good density for Cyt6, which is
otated away from Cyt5 and stacks with its crystallo-
raphic 2-fold related symmetry counterpart Cyt6* (Fig-
re 1B). This latter crystal contact stabilizes the confor-
ation of the variable loop in protein chain B, and in
esidue Glu425 in particular, slightly altering interac-
ions with Cyt4 and Cyt5 (see below).
verview of the hnRNP K KH3 Domain
omplexed with CT15
igure 1C shows an overview of the crystal structure of
he hnRNP K KH3-CT15 ssDNA complex, which com-
rises three KH3 domains (denoted A, B, and C) and
ne 15-mer DNA (5#-TTCCCCTCCCCATTT-3#) in the
symmetric unit. Two KH3 domains (A and B) are bound
n tandem to successive tetranucleotide sequences on
the DNA (3-CCCC and 7-TCCC), while the third KH3
Nucleic Acid Recognition by hnRNP K KH3 Domain
1057Figure 1. Crystal Structures of hnRNP K KH3 Domain Complexed with 15-mer and 6-mer ssDNAs
(A) Ribbon representation of the dimeric assembly of the third KH domain of hnRNP K (red, A; green, B) in complex with the CTC4 (blue in C
and D). Some features of the KH domain topology, as well as the hydrogen bonds at the dimer interface, are marked.
(B) The two different DNA dimers formed by crystal contacts seen in the KH3-CTC4 crystal structure. DNA molecules C and D are respectively
colored in green and blue. Ribose puckers were as follows: Cyt-1 (Mol C: C3#-endo, Mol D: not visible), Thy-2 (both C2#-endo), Cyt-3 (both
C2#-endo), Cyt-4 (both C3#-endo), Cyt-5 (both C3#-endo), Cyt-6 (Mol C: poorly defined, Mol D: C2#-endo).
(C) Ribbon representation of the hnRNP K KH3 domain in complex with the 15-mer ssDNA showing the contents of the asymmetric unit,
which consist of three KH3 domains and the DNA molecule. Only two of the KH3 domains (red and yellow) interact with the DNA (blue). The
third KH3 domain (green) interacts with the second (yellow) via the β1 strand edges of their respective β sheets (compare with [A]).
(D) Chains A (green) and B (cyan) from the CTC4 complex superimposed onto the uncomplexed KH3 domain (red). The ssDNA (chain C) is
colored in blue.domain does not contact the DNA at all. The remaining
nucleotides are not visible in the electron density, prob-
ably because they do not interact with the protein and
are, consequently, flexible. KH3 domains A and C are
related by the same 2-fold axis as systematically ob-
served for this domain (see above). Domains A and B,
which interact with the DNA, are related to each other
by a screw axis, which comprises a rotation of about
162.15° around, and translation of about 17.3 Å along,
the DNA (z) axis.
Comparison of Free and Bound Structures
of the KH3 Domain
Upon DNA binding, there are no large conformational
changes, except in flexible regions of the molecule (Fig-
ure 1D). Superimposing chain A from the CTC complex4
onto the uncomplexed molecule, the rmsd is 2.58 Å forthe Cα atoms of residues 384–463 and 1.17 Å for resi-
dues 384–455 (0.53 Å excluding the variable loop). The
difference in the C-terminal region is probably due to a
crystal contact affecting the conformation of this region
in the free protein (see above), whereas, in the DNA
complex, Ser459 from this region, for instance, is in-
volved in DNA contacts. The other major differences
are in the flexible variable loop (425–431), which has
a variable conformation and is poorly ordered in most
structures. There are minor changes in region 404–406,
and these changes are probably due to the DNA bind-
ing (see below).
Recognition of ssDNA: General Features
Whereas different conformations are found for the ter-
minal nucleotides in the two crystallographic-indepen-
dent protein-DNA complexes in the CTC4 structure, the
Structure
1058Table 1. Crystallographic Data Collection and Refinement Statistics
Crystal KH3 KH3-CTC4 KH3-CT15
Data Collection Statistics
Beam line/detector ID14-EH4, ADSC Q4 ID14-EH4, ADSC Q4 ID14-EH1, ADSC Q4
Wavelength (Å) 0.933 0.940 0.933
Space group C2 P3121 P3121
Cell dimensions (Å) a = 51.85, b = 30.88, a = b = 52.6, c = 104.9, a = b = 54.0, c = 149.7,
c = 42.41, β = 102.74 γ = 120° γ = 120°
Mosaicity 0.25° 0.46° 0.60°
Oscillation range 1° 1° 1°
Resolution (Å) (highest bin) 40.0–0.95 (1.00–0.95) 34.3–1.8 (1.9–1.8) 46.6–2.3 (2.4–2.3)
I/SDa (highest bin) 16.4 (5.0) 23.1 (3.9) 14.3 (3.3)
Total reflections 95,636 110,118 47,320
Unique reflections 40,192 15,859 11,572
Average redundancy (highest bin) 2.4 (2.0) 6.9 (6.1) 4.1 (3.6)
Completeness (%) (highest bin) 97.4 (91.8) 98.0 (87.6) 97.5 (84.5)
Rmergeb (highest bin) 0.057 (0.17) 0.062 (0.41) 0.068 (0.33)
Refinement Statistics
Resolution (Å) 40.0–0.95 20.0–1.8 20.0–2.3
Solvent content (%) 33.4 37.3 38.8
Work reflections 38,185 15,030 10,975
Test reflections 2007 795 559
Rfree/Rwork (%) 0.127/0.119 24.4/19.1 29.1/21.9
Contents of asymmetric unit 1 KH3 2× (KH3+CTC4 ssDNA) 3 KH3 domains + CT15
ssDNA
Number of water molecules 58 146 80
Number of nonhydrogen atoms 712 1539 1809
Mean overall atomic B factor (Å2) 13.94 (protein), 26.72 (solvent) 22.37 23.86
Rms deviation from ideal bond length (Å) 0.017 0.019 0.022
Rms deviation from ideal bond angles (°) 0.037 1.910 2.080
TLS groups — Complex 1: A382–463, C1–6; Complex 1: A384–457, D2–5;
Complex 2: B385–463, D2–6 Complex 2: B383–463,
D6–9; Protein 3: C382–455
Ramachandran Plot Statistics
Favorable (%) 98.4 98.5 97.8
Additional (%) 1.6 1.5 0.6
Generous (number) 0 0 2
Disallowed (number) 0 0 1
a I = Intensity; SD = standard deviation.
b Rmerge = Σhkl Σi|I(hkl)i − <I(hkl)>|/ Σhkl Σi<I(hkl)i>.central tetranucleotide TCCC has the same conforma- i
Ttion (rmsd of 0.14 Å for DNA backbone atoms) and
makes identical interactions with the protein in both s
acomplexes (Figure 2A). The DNA conformation and in-
teractions of the tandem tetranucleotide motifs in the s
m15-mer complex are also very similar. However, as this
structure is of lower resolution and less well ordered, w
Wdetails will be given mainly based on complex 1 (chains
A and C) from the CTC4 structure, apart from recogni- t
ation of the CCCC motif, which is only observed in the
15-mer structure. a
aThe DNA lies in a narrow groove between the invari-
ant Gly-X-X-Gly motif and the variable loop. Complex o
tformation buries 1100 Å2 of solvent-accessible surface
from both the DNA and protein. The nucleotides of the t
rcentral core recognition sequence TCCC, together with
a number of ordered water molecules, are involved in a p
edense network of strong hydrogen bonds, hydrophobic
interactions, and stacking interactions. Region 400– p
c407, including the invariant Gly-X-X-Gly motif (residues
404–407), is critical in defining the DNA conformation p
band allowing specific recognition. The C-terminal end
of helix α1, and notably residues Gly400 and Ile403, are rnserted like a wedge to prevent the base stacking of
hy2, Cyt3, and Cyt4 (Figure 2B). Instead, Thy2 is
tacked on the peptide plane of Gly400 and Ser401,
nd both Cyt3 and Cyt4 stack on different sides of the
ide chain of Ile403. The peptide nitrogen of Gly406
akes a hydrogen bond to the phosphate of Cyt3,
hereas the Cα of Gly404 and Gly407 are in van der
aals contact with, respectively, the O2 of Thy2 and
he O4 deoxyribose oxygen of Cyt4. It is clear that this
rrangement absolutely requires the lack of side chains
t glycines 400, 404, and 407. The variable loop is bent
way from the DNA itself (Figure 1D) and is less well
rdered than the rest of the protein. Apart from Glu425,
he residues in the variable loop are not involved in in-
eractions with the DNA. Surprisingly, there are no di-
ect hydrogen bonds between basic residues and
hosphates, and only Lys405 and Lys411 establish
lectrostatic interactions between them. Instead, the
hosphates are largely interacting with water mole-
ules (14 ordered water molecules hydrating 5 phos-
hates). On the other hand, some basic residues, nota-
ly Arg414 and Arg433, are involved in base-specific
ecognition.
Nucleic Acid Recognition by hnRNP K KH3 Domain
1059Figure 2. Detailed View of the KH3-CTC4 Complex
(A) Stereo diagram showing conserved conformation of the central tetranucleotide in the two examples of the KH3-CTC4 complex.
(B) Stereo view showing how Gly400 and Ile403 are inserted like a wedge, preventing the base stacking of Thy2, Cyt3, and Cyt4.
(C) σA-weighted 2Fo − Fc electron density contoured at 1.0 σ (blue) showing the recognition of the first nucleotide, thymine, in the core
recognition sequence.
(D) σA-weighted 2Fo − Fc electron density contoured at 1.0 σ (blue) of the interactions of the two middle nucleotides (Cyt3 and Cyt4) in the
core recognition sequence with the protein.
(E) Stereo view showing the water-mediated hydrogen bonds and base stacking of Cyt5. Water molecules are indicated as red spheres, and
hydrogen bonds are indicated as green dashed lines.
Structure
1060Recognition of the Core Tetranucleotide C
S5-T/C-C-C-C-3
Thymine/Cytosine 2 h
2Thy2 lies in a hydrophobic pocket created by Gly400,
Gly404, Tyr458, Ser459, and Ser401 with which it has h
bvan der Waals contacts (Figures 2B and 2C). The base
stacks parallel to the 400–401 peptide plane, and the t
oCα of Gly400 is partially intercalated between the bases
of Thy2 and Cyt3. Gly400, highly conserved in KH do- I
Cmains, was mutated to an arginine in the NMR study of
the free KH3 domain (Baber et al., 1999), a change that p
weliminated ssDNA binding. This observation is readily
explained by the steric clash of a long side chain at A
othis position with the DNA. A critical hydrogen bond is
established between the O4 of Thy2 and the backbone C
aamide nitrogen of Ser459 that permits discrimination,
in this case, from cytosine (Figure 2C). Two water mole- A
tcules form bridges between the base and, respectively,
Gln457 and Lys405. There are no close contacts to the (
Cthymine methyl group, suggesting that a uracil could
bind in the same configuration in the case of an RNA C
qtarget. Therefore, in the absence of specific interac-
tions with the 2#OH in KH3-RNA complexes, we would m
sexpect a similar binding to T/UCCC ligands. In fact, we
have determined an w2 M binding constant to a N
(TCCC ligand or a UCCC ligand (Table 2). Despite the
apparent specificity of this subsite for thymine/uracil, o
small modifications to the protein structure enable it to
also bind cytosine, as observed in one of the binding N
wsites in the structure with the 15-mer DNA. This is
achieved by, first, the disordering of C-terminal resi- A
Kdues, including Ser459, and, second, the reorientation
of Ser401 so that its hydroxyl group can hydrogen bond f
Bto Cyt2 N4. This particular hydrogen bond is not pos-
sible in the CTC4 structure, in which the Ser401 side h
echain points in the opposite direction. Cyt2 O2 also ac-
cepts a hydrogen bond from the amide group of Lys405 b
qdue to the slightly different orientation of the Cyt2 in
CT15 compared to the Thy2 in CTC4. a
tCytosine 3
Cyt3 is specifically recognized as a cytosine by a total a
pof four hydrogen bonds to the Watson-Crick positions
(Figure 2D). The most important of these are, first, two b
ahydrogen bonds from NH1 and NH2 of Arg433 to, re-
spectively, Cyt3 N3 and O2, and, second, an intramo- (
blecular hydrogen bond from N4 to the phosphate group
of Thy2. In addition, a water molecule forms a bridge i
Cfrom Cyt3 to both Arg433 and Lys396. This set of hy-
drogen bonds is only compatible with a cytosine in po- w
rsition two of the tetranucleotide core recognition se-
quence. A very similar recognition mode is found for a U
Rcytosine in the Nova-2-RNA complex (see below).Table 2. Dissociation Constants and Stoichiometry of Various hnRNP K KH3 Domain-Oligonucleotide Ligand Complexes as Determined
by NMR
Ligand Name Sequence KD ± ASD (M) Complex Stoichiometry KH3:Ligand
DICE 5#-r(CCCCACCCUCUUCCCCAAG)-3# — 2:1
SDICE; 5#-r(UCCCCAA)-3# 1.8 ± 0.5 1:1
CTC4; 5#-d(CTCCCC)-3# 2.2 ± 0.7 1:1
C4; 5#-r(CCCCAC)-3# 3.2 ± 0.9 1:1
Mut-sDICE; 5#-r(UCACCAA)-3# 49.7 ± 5.3 1:1
ASD = average standard deviation.ytosine 4
imilarly, Cyt4 is also involved in a specific network of
ydrogen bonds to the Watson-Crick positions (Figure
D). The Arg414 side chain at the C-terminal end of
elix 2, positioned by two hydrogen bonds to the car-
onyl of Ile421, stretches out toward Cyt4 to donate
wo hydrogen bonds to the O2 position. An unambigu-
usly orientated water molecule bridges Cyt4 N3 to the
le423 main chain amide and Arg414 NH2. Finally, N4 in
yt4 is involved in two hydrogen bonds: one with the
eptide oxygen atom of Ile423 and the second with a
ater molecule that is also hydrogen bonded to
rg433. In complex 2, in which the variable loop is more
rdered, the OE2 of Glu425 replaces this water. The
yt4 subsite is absolutely specific for a cytosine. Within
UCCC ligand, a nonconservative substitution, Cyt/
de (Ostrowski et al., 2002; Thisted et al., 2001), leads
o a much lower binding affinity (2 M versus 50 M)
Table 2).
ytosine 5
yt5, the last nucleotide in the core recognition se-
uence, stacks on Cyt4 and is only involved in water-
ediated hydrogen bonds to the protein (Figure 2E). A
ingle water molecule (W3) connects Cyt5 O2 to Cyt4
3, Arg414 NH2, and Ile423 N. Another water molecule
W35) is making a bridge between Cyt5 and the peptide
xygen of Ile423.
MR Studies on the Interaction of KH3
ith ssRNA and ssDNA
ll high-resolution structural studies on the hnRNP K
H3 domain with nucleic acids to date have been per-
ormed with DNA ligands only (Baber et al., 1999, 2000;
raddock et al., 2002a). However, it is known that
nRNP K plays an important role in erythroid cell differ-
ntiation mediating LOX mRNA silencing translation by
inding to the differentiation control element (DICE) se-
uence in the 3# UTR of the LOX mRNA (Ostareck et
l., 1997). The DICE sequence contains ten repeats of
he 5#-r(CCCCACCCUCUUCCCCAAG)-3# sequence. In
SELEX study, an RNA consensus sequence of the
attern UC3−4UA/AU was identified as a high-affinity
inding target for hnRNP K (Thisted et al., 2001). Such
sequence is present in the 3# part of the DICE element
5#-rUCCCCAA-3#). We performed NMR measurements,
y using isotopically labeled KH3 domain, to character-
ze the interaction of the KH3 domain with the ssDNA
TC4 in solution, and to compare it to the interaction
ith various RNA ligands corresponding to: (i) a single
epeat of the DICE RNA element (5#-rCCCCACCCUC
UCCCCAAG-3#), hereafter referred as DICE; (ii) the
NA consensus sequence found by SELEX and present
Nucleic Acid Recognition by hnRNP K KH3 Domain
1061in the 3# region of the DICE element (5#-rUCCCCAA-3#),
hereafter referred to as the short DICE (sDICE); (iii) a
C-rich ligand C4 (5#-rCCCCAC-3#); and (iv) the RNA
consensus sequence found by yeast three-hybrid
screen mut-sDICE (5#-rUCACCAA-3#) (Ostrowski et al.,
2002).
KH3 Interaction with DICE and sDICE
ssRNA Ligands
In NMR titrations, significant changes in the 1H, 15N
chemical shifts of the KH3 backbone amides were ob-
served upon addition of DICE or sDICE, confirming that
KH3 binds to both ligands by using the same binding
surface (Figures 3 and 4). The binding site involves helix
α1, the Gly-X-X-Gly motif, helix α2, strand β2, strand
β3, helix α3, and some of the C-terminal residues. This
is the typical binding site seen in other KH domain nu-
cleic acid complexes (Messias and Sattler, 2004). Sig-
nificant chemical shift perturbations are also observed
in a region comprising residues 392–394 (strand β1),
431–434 (strand β3), and 425–428 (variable loop). This
could reflect a small structural rearrangement induced
by RNA binding affecting the variable loop, strand β3
and, indirectly, strand β1. Consistently, in the KH3-CTC4
crystal structure, Glu425 (variable loop) and Arg433 (β3)
contribute to the nucleic acid recognition. However, it
is also possible that a change in backbone dynamics
could play a role in these chemical shift perturbations
as pointed out previously (Baber et al., 2000).
Based on our NMR titration of KH3 with sDICE, the
dissociation constant, KD, for the protein-RNA interac-
tion is w1.8 M (Table 2, Figure S1, see the Supple-
mental Data available with this article online). At equi-
molar concentrations, the protein is almost saturated,
confirming a 1:1 stoichiometry in the complex. The KD
for the UCCC element in sDICE is similar to that ob-
tained for a TCCC sequence in the KH3-CTC4 complex
(w2.2 M; see below) and in the KH3-M5# complex
(w3 M; [Braddock et al., 2002a]), suggesting that the
KH3 domain and, presumably, the full-length hnRNP K
protein bind a U/TCCC sequence in RNA or DNA
equally well. This is consistent with the observation that
recognition of the 2#OH ribose is not very important
in known KH domain-RNA complexes (Messias and
Sattler, 2004).
In the titration of KH3 with DICE, saturation of the
protein was observed at [KH3]w[DICE]/2, suggestingFigure 3. The KH3 Domain from hnRNP K
Binds to the DICE and sDICE RNA
(A) 1H, 15N correlation spectra of KH3 in the
absence (black) and presence (red) of sDICE.
The backbone amides of Gly406 and Ile423,
which shift significantly downfield, are hy-
drogen bonded to the RNA in the complex.
(B) 1H, 15N correlation spectra of KH3 in the
presence of DICE (blue) and sDICE (red).
Some of the residues that show larger chem-
ical shift variation between KH3-DICE and
KH3-sDICE are highlighted.that the DICE ligand has two binding sites. In order
to confirm this, we measured the backbone amide
transverse relaxation times (T2) to obtain estimates of
the overall correlation times (τC) (Anglister et al., 1993)
of KH3 and of KH3-DICE. At 295 K, we obtained T2 val-
ues of 32/15 ms for KH3 and KH3-DICE, respectively,
corresponding to an overall tumbling correlation time
of w6/13 ns (MW = 12/26 kDa), respectively. The τC
value of w13 ns obtained for the KH3-DICE complex
is, thus, consistent with a complex comprising two KH3
molecules bound to one DICE (MW = 24 kDa). Baber et
al. (1999) found a τC value of w9.38 ns for the KH3-
CT15 complex, which is within the range expected for
a 1:1 complex (MW = 14 kDa). However, our results with
DICE and the study of Baber et al. (1999) with CT15 are
both consistent with the hypothesis that in solution two
consensus sequences must be separated by more than
two nucleotides in order to be recognized by the KH3
domain. We suggest that in solution one KH3 molecule
interacts with the 5# part of DICE (1-CCCC) while the
other interacts with the 12-UCCC, which corresponds
to sDICE. In fact, major differences in chemical shift
and line width between KH3-sDICE and KH3-DICE are
observed for residues 393–403 and 453–459 (Figures
3B and 4C), which recognize the 5# position (C or U).
There is additionally an ACCC sequence in DICE; how-
ever, in the study of Thisted and collaborators (Thisted
et al., 2001), no SELEX ligand with high affinity to
hnRNP K had an adenine at the 5# position, and only 1
out of 24 had a guanine, indicating that a pyrimidine at
this position is not favorable.
Whereas the solution NMR results suggest a 1:1 KH3-
CT15 complex (Baber et al., 1999), the crystal structure
of KH3-CT15 shows two KH3 domains bound to one
CT15 ligand recognizing consecutively 3-CCCC and
7-TCCC (Figure 1C). This discrepancy could perhaps
be explained by the fact that, in the CT15 crystals,
packing forces may compensate for the close binding
in what is probably a somewhat strained conformation
that does not occur in solution.
KH3 Interaction with an ssRNA CCCC Sequence
In order to confirm that the KH3 domain binds to an
rCCCC element in DICE, we performed an NMR titration
with a 5#-CCCCAC-3# ssRNA ligand (denoted C4) as
exists in the 5# region of DICE. As expected, the KH3












































Figure 4. Chemical Shift Perturbations of KH3 upon Binding to v
DICE and sDICE
b
(A–C) Average backbone HN variations between the free and the
bound KH3. (A) DICE, (B) sDICE, and (C) difference plot ([A] − [B]).
pThe weighted average chemical shift variations were calculated as
t(([1H]2 + [15N/5]2)/2) for each 1H, 15N pair. Residues 395 and 426
are prolines, and, therefore, no HN backbone can be assigned to t
them. The backbone resonances of Lys405 and Gly406 in the free o
KH3 and those of residues Ile423, Asn453, Tyr458, and Gly460 in (
the KH3-DICE could not be observed. o
l
vdual chemical shift perturbations match with the KH3
binding site for sDICE and DICE. A KD value of w3.2 M N
iwas obtained for the KH3-C4 complex, and this value is
similar to those obtained for KH3-T/UCCC complexes v
t(Table 2) (Braddock et al., 2002a).
KH3 Interaction with an ssRNA UCAC Sequence s
dAn additional NMR titration was performed with a
5#-UCACCAA-3# RNA ligand (denoted mut-sDICE), I
which corresponds to a cytosine / adenine mutationt position 3 of sDICE (data not shown). Again, signifi-
ant changes in the 1H, 15N chemical shifts of the KH3
ackbone amides were observed upon addition of the
NA ligand, but saturation was not reached, even after
ddition of a large molar excess. We obtained a KD of
50 M (Table 2) for this protein-RNA interaction, and
his value is substantially higher than those obtained
or the T/UCCC sequences, showing that KH3 has a
reference for a Cyt in position 3, which is in agreement
ith Thisted et al. (2001) but is inconsistent with the
esults of Ostrowski et al. (2002).
H3 Interaction with the ssDNA CTC4 Ligand
n NMR titration was performed with the CTC4 ssDNA
igand, and the individual chemical shift perturbations
Figure S3) match with the KH3 binding site for sDICE,
ICE, C4, and mut-sDICE ligands. The chemical shift
erturbations obtained with the CTC4 and the sDICE
igand are appreciably different for residues 393–411
nd 453–462; again, this reflects the differences in the
# site of the ligands. Interestingly, the chemical shift
erturbations obtained from CTC4 and C4 differ addi-
ionally for residues 423–435, pointing to some varia-
ions involving residues of strand β3 and the variable
oop. The KH3 domain forms a 1:1 complex with CTC4
ith a KD value of w2.2 M (Table 2).
In summary, the NMR studies show that KH3 em-
loys the same conserved binding site and binds simi-
arly to U/T/CCCC sequences in DNA and RNA. This is
onsistent with the fact that no close contacts or steric
lashes were observed when we modeled the RNA
omplex by replacing the H2# hydrogen in the deoxyri-
ose of DNA by the 2#-hydroxyl group in the ribose of
NA and replaced Thy2 with a uridine.
iscussion
omparison to NMR Structure of the KH3
omain-ssDNA Complex
he crystal structure of Nova-2 bound to RNA is re-
arkably similar to that of our hnRNP K complex (Fig-
re 5) even though the proteins are only 36% identical
nd recognize different central nucleotides, Cyt-Ade
nd Cyt-Cyt, respectively. Superimposing residues 387–
55 for hnRNP K KH3 domain on 406–481 of Nova-2
ives an rmsd for Cα positions of 1.36 Å (excluding the
ariable loop) and 0.63 Å for the nucleic acid back-
one atoms.
Comparison between our KH3 domain-ssDNA com-
lex X-ray structure and the corresponding NMR struc-
ure (Braddock et al., 2002a) reveals that the two pro-
ein structures have similar conformations with an rmsd
f 0.95 Å for Cα atom positions of residues 387–455
excluding the variable loop). However, superimposition
f the DNA core recognition sequence gives a rather
arge rmsd of 1.54 Å for DNA backbone atoms, and this
alue is significantly larger upon comparison with
ova-2 bound RNA, suggesting a significant difference
n the conformation of the DNA. Closer examination re-
eals that there is a discrepancy in how the protein in-
eracts with the DNA (Figure 5). For instance, the NMR
tructure reports an extensive network of weak hy-
rogen bonds involving the methyl groups of Ile403,
le410, and Ile423 with the O2 and N3 atoms of the cy-
tosine bases, a previously unobserved mode of base
Nucleic Acid Recognition by hnRNP K KH3 Domain
1063Figure 5. Comparison of the Protein-Nucleic Acid Interface in the hnRNP K KH3-ssDNA Crystal and NMR Structures and the Nova-2 KH3-
RNA Complex
(A) The NMR solution structure of the third KH domain of hnRNP K interacting with nucleotides Cyt6 and Cyt7 (equivalent to Cyt3 and Cyt4
in the hnRNP K crystal structure).
(B) The third KH domain of hnRNP K interacting with nucleotides Cyt3 and Cyt4 (this work).
(C) The crystal structure of the third KH domain of Nova-2 interacting with nucleotides Cyt13 and Ade14 (equivalent to Cyt3 and Cyt4 in the
hnRNP K crystal structure).recognition. In our structure, the arrangement is more
conventional, with the three isoleucine residues form-
ing part of the hydrophobic core and the equivalent
bases instead forming strong hydrogen bonds to the
side chains of Arg414 and Arg433, water molecules,
and the backbone oxygen atom of Ile423 (Figure 5). The
orientation of the base of Cyt6 in the NMR structure is
significantly different from the equivalent Cyt3 and
Cyt13 in, respectively, the hnRNP K and Nova-2 crystal
structures, and it fails to make a hydrogen bond to the
phosphate of the preceding nucleotide, as observed in
both crystal structures (Figure 5). Moreover, there ap-
pears to be a “frameshift” in the NMR structure, with
the Watson-Crick face of Cyt8 (Cyt5 in the crystal struc-
ture), rather than Cyt7 (Cyt 4 in the crystal structure),
hydrogen bonding to the backbone of Ile423 (Braddock
et al., 2002a).
A more detailed analysis of the differences between
the NMR and crystal structures of hnRNP K with ssDNA
with respect to the NMR experimental data is given in
the Supplemental Data. In brief, this analysis suggests
that overall the crystal structures, in particular complex
2 of the KH3-CTC4 complex, are more accurate models
of KH3-TCCC recognition in solution than the NMR
structures. The unusual protein-DNA contacts may
merely reflect a lower resolution of the NMR structure.
The chemical shift analysis together with the structure
calculations performed by using the experimental infor-
mation from NMR also indicates that some NOE infor-
mation is not compatible with the crystal conformation
of the residues at the Gly-X-X-Gly motif and the C ter-
minus (see the Supplemental Data). Since both regions
are involved in crystal contacts, we suggest that these
differences in conformation represent true differences
between solution and crystal.
Implications for Nucleic Acid Binding
by Other Poly C Binding Proteins
The poly C binding proteins (PCBP) group of proteins
(hnRNP K, E1, and E2) each contain three KH domains,and, in all nine, the two residues, Arg414 and Arg433,
critical for specific recognition of the central Cyt-Cyt,
as well as the three critical glycines (400, 404, 407 in
hnRNP K), are conserved (alignment not shown). More-
over, Arg433, which is involved in specific binding to
the first cytosine in both hnRNP K and Nova-2, is also
completely conserved in all of the KH domains in Nova-1
and Nova-2. Homology modeling supports the hypoth-
esis that all of the PCBP KH domains could bind Cyt-
Cyt in the second and third positions of the core se-
quence.
Toward a Code for KH Domain Recognition
of Tetranucleotides
We have compared all of the available three-dimen-
sional structures of KH domain-nucleic acid com-
plexes, those of hnRNP K, Nova-2, SF1, and FBP (Brad-
dock et al., 2002a, 2002b; Lewis et al., 2000; Liu et al.,
2001). In each case, a core motif of four, predominantly
pyrimidine, nucleotides can be identified that is recog-
nized by the KH domains (Figure 6A). Only pyrimidine
bases are found at the 5# and 3# ends, and conservative
substitutions of pyrimidine bases (U, C, T) are allowed
without effecting major changes in the structure and
binding energy in these positions. The central bases
are, in general, recognized specifically by hydrogen
bonds of protein residues to the Watson-Crick edges
of the bases. Exceptions in this respect are the solution
NMR structures of the KH domains of hnRNP K and
FBP bound to DNA oligonucleotides (Braddock et al.,
2002a, 2002b). In these structures, the positioning of
the DNA, and in particular of the base, differs notably
from that of the other KH-nucleic acid complexes, and
Watson-Crick-like hydrogen bonds between the nucleic
acid and the protein that are thought to play an impor-
tant role in base-specific recognition are very scarce
(see above) (Messias and Sattler, 2004).
Using a structure-based sequence alignment of the
KH3 domains of hnRNP K and Nova-2 and the KH do-
main SF1, we have identified residues interacting with
Structure
1064Figure 6. Residues Involved in KH Domain
Recognition of Tetranucleotides
(A) Sequences of the core motif recognized
by the KH domains of hnRNP K, Nova-2,
SF1, and FBP.
(B) Structure-based sequence alignment of
KH domains. Residues that are important for
specific nucleic acid contacts are high-
lighted in red. The position of the interacting
base in the tetranucleotide sequence is
shown on top of the corresponding interact-
ing residue.the bases in the core recognition sequence (Figure 6B). t
IThe following conclusions can be drawn:
Position 1 s
rThe pyrimidine in position 1 is recognized in a very sim-
ilar way by all of the three complexes. The most impor- t
ttant interactions seem to be van der Waals/hydrogen
bonding interactions involving equivalent positions in t
cthe α1 helix (Gly400 and Ser401 for hnRNP K). In the
case of Nova-2 and hnRNP K, additional water-medi- s
aated hydrogen bonds to the lysine in the GKGG motif
and an Arg or a Gln and a Ser more at the C-terminal p
tregion are also relevant. However, this environment ap-
pears to be compatible with other pyrimidines. P
TPosition 2
This position contains a cytosine for both hnRNP K and a
sNova-2 (Figure 5). A conserved Arg residue (433 in
hnRNP K and 428 in Nova-2) establishes hydrogen p
pbonds to the base. In Nova-2, the Watson-Crick-like hy-
drogen bonds between the cytosine and the Arg, and G
pan additional Glu side chain in the first loop, allow only
a cytosine at this position. In both structures, an iden- t
tical intrastrand hydrogen bond from N4 of the cytosine
in position 2 to the phosphate group of the previous C
Wbase (Thy/Ura) is observed. In SF1, which recognizes
an adenosine in this position, the arginine is replaced c
pby a leucine. In the SF1-RNA complex, the adenosine
is recognized by cation/π stacking of the Lys184 side m
schain, which is conserved only in the KH domains of
STAR proteins. In addition, similar to Nova-2, a gluta- i
dmate side chain (Glu149) in the first loop forms an elec-
trostatic contact with the adenosine functional groups. s
sThus, the base in position 2 is specified by the amino
acid composition in the variable loop/strand β3, which c
cvaries considerably across the KH domain family. An
interesting feature is the conservation of a hydrogen s
pbond between the backbone amide of the third residue
of the Gly-X-X-Gly motif and the phosphate backbone b
cand/or the ribose 2#OH. This hydrogen bond is indi-
cated in the NMR spectra by a large downfield shift of t
nthe backbone amide proton (Figure 3).
Position 3 d
cThe base in position 3 is recognized in a unique and
conserved manner by all three KH domains. In Nova-2 s
hand SF1, Watson-Crick-type hydrogen bonds are formed
by the adenosine to equivalent main chain atoms in m
hstrand β2 of the KH domain, providing an environmenthat is entirely specific for an adenosine at this position.
nterestingly, NMR spectra indicate the presence of
uch hydrogen bonding by a large downfield shift of the
esonance of the amide proton in β2 that participates in
he hydrogen bond (Figure 3). In the case of hnRNP K,
hese hydrogen bonds are water mediated, and addi-
ional hydrogen bonds to Arg414 in helix α2 specify a
ytosine in this position, whereas, in Nova-2, this long
ide chain would clash sterically with an adenine base
nd is replaced by Gln406. This residue thus seems to
lay a crucial role in discriminating the third position in
he Nova and hnRNP K nucleic acid ligands.
osition 4
he final member in the tetranucleotide is a cytosine in
ll three cases. A similar feature observed in the three
tructures is an intrastrand stacking with the bases in
osition 3 and 5. In addition, in the Nova-2-RNA com-
lex, the cytosine establishes a hydrogen bond to
ln414 in helix α2; however, in the hnRNP K-DNA com-
lex, it exhibits only water-mediated hydrogen bonds
o the protein.
onclusions
e have determined two distinct high-resolution X-ray
rystal structures of the KH3 domain of hnRNP K com-
lexed with CT-rich ssDNA. These show how the do-
ain is specific to a core tetranucleotide T/CCCC, with
mall adjustments enabling accommodation of T or C
n the first position. Using NMR, we have found that the
issociation constants for specific RNA and DNA target
equences are all of the order of 2–3 M, whereas a
ingle change to an adenine at position three de-
reases the affinity 25-fold. The NMR results also indi-
ate that the mode of binding of DNA and RNA is very
imilar and is consistent with modeling the RNA com-
lex from the crystal structure. Interestingly, we found
y NMR that the KH3 domain in solution cannot bind
ognate tandem tetranucleotide sequences, as seen in
he KH3-CT15 crystal, but requires a spacer of a few
ucleotides. Comparison with other structures of KH
omain-RNA complexes recognizing different tetranu-
leotide targets enables us to identify key residues re-
ponsible for specificity. It remains to be determined
ow the nucleic acid binding properties of the KH3 do-
ain are modulated in the context of the full-length
nRNP K by phenomena such as multimerization
Nucleic Acid Recognition by hnRNP K KH3 Domain
1065(which may involve the N-terminal KH domains [Bedard
et al., 2004]) and phosphorylation.
Experimental Procedures
Proteins and DNA
cDNA encoding the third KH domain of hnRNP K (residues 385–
463) was cloned as an NdeI-Xho1 fragment into pETM-11, which
adds an N-terminal His6 tag cleavable by tobacco etch virus (TEV)
protease. After transformation into E. coli BL21(DE3) pLysS, cells
were grown in LB medium containing kanamycin (30 g ml−1) and
chloramphenicol (50 g ml−1) at 311 K to an OD600 of w0.6 and
were then induced with 1 mM isopropyl β-D-thiogalactopyranoside
for 3 hr. Cells were collected by centrifugation at 5000 × g for 30
min at 278 K and were washed once with buffer A (50 mM HEPES
buffer [pH 7.5], 250 mM NaCl) and stored at 254 K before use. The
thawed cell pellet was resuspended in 40 ml buffer A, and the cells
were lysed by sonication. The protein was purified by a two-step
procedure with TALON resin (Clontech) preequilibrated with buffer
A: once before and once after tag cleavage overnight at room tem-
perature with His-tagged TEV protease. This leaves three extra res-
idues (Gly-Ala-Met) at the N terminus of the protein. The pure KH3
domain was concentrated to 28 mg·ml−1 (Ultrafree-15 BioMax-5K
centrifugal filter device), as determined by the UV absorbance with
the theoretical ε280 of 2560 M−1 cm−1. A typical yield of 40 mg
(>95% as determined by SDS-PAGE gels) pure KH3 domain is ob-
tained from 1 liter of bacterial culture. The ssDNA hexanucleotide
CTC4 (5#-CTCCCC-3#) was purchased from MWG Biotech AG. The
crystallization, data collection, and structure solution for CT15 have
been described previously (Backe et al., 2004), although here a
slightly better data set is used for the refinement of the structure.
Crystallization of the Native KH3 Domain
Screening for crystallization conditions was performed by using
sparse-matrix screens from Hampton Research at 294 K by the
hanging-drop vapor-diffusion method in Linbro plates. Several dif-
ferent crystallization conditions of KH3 were obtained. Optimization
yielded good-quality crystals only for the condition containing am-
monium sulfate, not for those growing from high-molecular weight
polyethylene glycols. The best crystals were plate shaped and
grew to maximum dimensions of 0.3 × 0.2 × 0.05 mm in 5 days
from a mixture of 1 l protein solution and 1 l reservoir solution
above a reservoir consisting of 1.7 M ammonium sulfate, 6%–8%
PEG 400, 0.1 M Tris-HCl (pH 8.0).
Crystallization of the KH3-CTC4 Complex
Pure KH3 domain at a concentration of 4.3 × 10−3 M was mixed
with an equal volume of dCTCCCC at the same concentration. The
mixture was left to equilibrate on ice for w30 min and was spun at
2000 × g for 10 min prior to crystallization. All crystallization
screens were performed as described above. Trigonal crystals suit-
able for data collection were obtained directly from Hampton Crys-
tal Screen I, condition 6. They appeared after 2 days and grew to
a maximum size of about 0.3 × 0.2 × 0.2 mm within 10 days.
Data Collection
A single KH3 crystal was cryoprotected by briefly soaking it in the
crystallization mother liquor containing an additional 15% (v/v)
glycerol before flash freezing (Table 1). A total of 110 diffraction
images to 0.95 Å resolution were measured with an oscillation
range of 1° per image and 12 s exposure time by using two different
volumes of the crystal in order to minimize radiation damage. The
partially overloaded low-resolution reflections were remeasured by
using a second pass with reduced exposure times (100 1° images
of 2 s exposure time, 1.6 Å resolution).
The KH3-CTC4 complex crystals were cryoprotected by short
soaks in a solution consisting of 30% PEG 4000, 0.15 M Tris-HCl
(pH 8.8), 0.2 M MgCl2, and 10% glycerol and were then flash frozen
in situ.
All data were integrated and scaled by using the programs
MOSFLM and SCALA from the CCP4 package (CCP4, 1994).Structure Determination and Refinement
The KH3 structure was solved by molecular replacement by using
the program MOLREP (Vagin and Teplyakov, 1997), and the pre-
viously determined NMR structure (PDB code 1KHM; [Baber et al.,
1999]), excluding the flexible parts 1–11, 54–56, and 84–89, was
used as a search model. The final high-resolution refinement, in-
cluding solvent atoms, multiple conformations, and anisotropic B
factors for each atom (giving an R factor [Rfree] of 11.9% [12.7%]
at 0.95 Å resolution), was done with SHELXL97 (Sheldrick and
Schneider, 1997). Data and refinement statistics for the structure
are given in Table 1.
The KH3-CT15 structure was refined with REFMAC5 (Murshudov
et al., 1997) to a final R factor (Rfree) of 21.9% (29.1%) at 2.3 Å
resolution. The structure of the KH3-CTC4 complex was solved by
molecular replacement with MOLREP and by using the previously
determined KH3-CT15 structure as a search model. The structure
was initially built with Arp/Warp 6.0 (Perrakis et al., 1999) and was
further refined with REFMAC5 (Murshudov et al., 1997) to a final R
factor (Rfree) of 19.1% (24.4%) at 1.8 Å resolution. TLS refinement
(Table 1), but not NCS restraints, was used.
NMR Spectroscopy
Uniformly 15N-labeled protein was prepared by growing E. coli
BL21 (DE3) overexpressing KH3 in minimal medium containing
15NH4Cl and was purified as described above. DICE (5#-CCCCACC
CUCUUCCCCAAG-3#) and short DICE (sDICE, 5#-UCCCCAA-3#)
were purchased from Dharmacon (Lafayette). 5#-UCACCAA-3#
(mut-sDICE), 5#-CCCCAC-3# (C4) RNA, and the CTC4 DNA oligonu-
cleotides were purchased from BioSpring (Frankfurt, Germany).
Samples for NMR contained 15N-labeled KH3 in a concentration
range between 50 M and 1 mM, in 20 mM sodium phosphate
buffer (pH 6.5) (90% H2O/10% H2O). NMR spectra were recorded
at 300 K and 303 K on a Bruker DRX500 or DRX600 spectrometer
equipped with a cryoprobe unit. Spectra were processed with
NMRPIPE (Delaglio et al., 1995) and were analyzed with XEASY
(Bartels et al., 1995). Most of the resonance assignments of the
free protein were taken from the G400R mutant of KH3 (Baber et
al., 1999). A 15N-edited 3D NOESY and an HNCA at natural abun-
dance were recorded to confirm the assignments. All backbone
amides, with the exception of residues Lys405 and Gly406, were
observed. When possible, assignment of the KH3 resonances in
complex with the ligands was performed by following the reso-
nances through the titration. A 15N-edited 3D NOESY was then re-
corded to confirm the assignments, if necessary, at different tem-
peratures.
NMR titrations were performed by recording 1H, 15N-HSQC ex-
periments and by following the chemical shifts of the backbone
amides of the KH3 amino acids by addition of the nucleic acid. For
the titration of KH3 with DICE, sDICE, C4, CTC4, and Mut-sDICE,
the initial protein concentration was 0.254 mM, 0.127 mM, 87 M,
48 M, and 70 M, respectively; the final ligand concentration was
approximately 1.5, 2.5, 4.3, 4.0, and 6.8 times, respectively, larger
than that of the protein. During the titration, some of the reso-
nances disappeared and could not be followed. Other resonances
maintained narrow line widths, and their chemical shifts changed
upon ligand addition. For these, a fractional binding can be defined
at any point of the titration, and, for a two-state system, this defines
the equation of an isotherm. The chemical shift variations induced
by addition of the nucleic acid ligand on these latter residues were
used to obtain an estimate of the dissociation constant (KD) of the
KH3-nucleic acid complex. A nonlinear regression analysis was





(P + L + KD− √(P + L + KD)2− 4PL) (1)
where L is the ligand concentration, dobs is the chemical shift of the
resonance at each point of the titration, dfree is the chemical shift
of the resonance in the free KH3. dbound (the chemical shift of the
resonance in the complex KH3-nucleic acid), KD (the dissociation
constant), and P (the protein concentration, corrected for dilution
effects) were used as fitting parameters.
Approximate backbone amide transverse T2 relaxation times and
τ values were determined on a Bruker DRX500 spectrometerC
Structure
1066equipped with a cryoprobe unit at 295 K by using a 1D jump-return c
hspin-echo pulse sequence (Anglister et al., 1993).
Structure calculations were performed by using the experimental B
NMR restraints for the KH3-M5# complex (kindly provided by Dr. M. (
Clore, NIH) by using CNS (Brünger et al., 1998) interfaced with ARIA t
(Linge et al., 2001). Theoretical proton chemical shifts were calcu-
B





Supplemental Data including the agreement of the X-ray (KH3-
C
CTC4) and NMR (KH3-M5#) structural models with the NMR re- C
straints and chemical shifts, titration curves, and binding site map-
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